This study was conducted to determine whether modification of early-postmortem muscle pH and(or) control of postmortem aging time could be used to improve tenderness of strip loin (longissimus, LM), top sirloin (GM), and top round (SM) steaks. Muscle pH, at 1.5 and 3 h postmortem, was modified using three 60-Hz electrical stimulation (ES) treatments (240 V, 35 V, or combined use of 240 and 35 V). Vacuum-packaged sections of the LM, GM, and SM were aged for 6, 12, 18, or 24 d postmortem. Use of ES increased rate of postmortem muscle pH decline and decreased shear force of LM steaks but had no effect on tenderness of GM or SM steaks. Reducing 3-h pH of the LM reduced variability in LM shear force but had little effect on tenderness of GM or SM steaks. However, lower values for 24-h pH of the LM were associated with increased tenderness of all three cuts. Tenderness of all cuts also improved as length of the postmortem aging period was increased. For LM and SM steaks, the greatest improvements in tenderness were achieved by 12 d; however, tenderness of GM steaks continued to increase up to 24 d postmortem.
Introduction
In the National Beef Quality Audit of 1991 more than 100 industry leaders were interviewed to identify the primary defects and shortcomings of beef produced by slaughter steers and heifers (Smith et al., 1992) . When interviewed, retailers, purveyors and restaurateurs listed "inadequate tenderness" as one of their 10 most serious concerns about the "quality" of beef.
Further documentation of the need to improve tenderness of the domestic beef supply was provided by the National Beef Tenderness Survey (Morgan et al., 1991) . Results of that study showed that 17.5% of rib and loin cuts, 40.8% of chuck cuts, and 35.8% of round cuts had shear force values that were indicative of an "unacceptable" level of tenderness. Based on results of the National Beef Tenderness Survey, Morgan et al. (1991) concluded that "steps must be taken throughout the beef industry to address the palatability variation issue."
The present study was undertaken to identify strategies for reducing variation in tenderness of strip loin, top sirloin, and top round steaks using postmortem technologies such as electrical stimulation and aging.
Materials and Methods
Design. The study was conducted using a randomized complete block design; slaughter lots served as blocks. Eight different lots of cattle (four lots of steers and four lots of heifers) were identified before slaughter at a commercial beef processing facility. The cattle originated from several different feedlots and represented a variety of breeds and crosses, including both Bos taurus and Bos indicus breeds. All postmortem treatments were applied to equally sized subsets of cattle from each slaughter lot. Slaughter lots as blocks were used to minimize among-treatment variation in carcass and meat palatability traits associated with breed, sex, and preslaughter management. The cattle were slaughtered under the supervision of USDA-FSIS, using an on-the-rail dress system, at a rate of approximately 300/h.
Electrical Stimulation Treatments. Cattle in each
slaughter lot were stunned and exsanguinated using conventional, humane procedures. After exsanguination, 32 cattle from each lot were selected at random and assigned to one of four electrical stimulation ( ES) treatments: 1 ) Control: no ES, except during hide removal (all carcasses received a single stimulus of 42 V to facilitate hide removal); 2 ) ES-I: four pulses (240 V, 60 Hz) were applied to each animal ( 2 s on, 1 s off, 2 s on) immediately following exsanguination, using a nose hook attached to a Stimulator 350 (Britton Manufacturing, College Station, TX); 3 ) ES-II: dressed, split carcass sides received ES (approximately 25 min postmortem) via four contact electrodes. Each electrode was set to deliver a continuous current of 35 V, 60 Hz for 2 s with 2 s between each electrode, which resulted in four successive contractions; and 4 ) ES-III: combined application of ES-I and ES-II. A total of 256 carcasses (eight carcasses × four ES treatments × eight lots) were selected for use in the study. An individual identification tag was attached to each carcass selected for the experiment, and the time at which each carcass entered the chill cooler was recorded. The carcass sides were spaced 2 to 5 cm apart, and test lots of carcasses were positioned in the same location in the chill cooler on each sampling date. During the first 20 h of the chill period, the thermostat for the chill cooler was set at −2°C. Then at 20 h postmortem, the cooler thermostat setting was changed to 1°C for the last 4 h of the chilling period. For the first 8 h of the chill period, the carcasses were sprayed intermittently ( 2 min on, 8 min off) with a fine mist of 2°C water.
Early-Postmortem Temperature. Internal temperatures of the longissimus ( LM) and semimembranosus ( SM) muscles were measured at 1.5 and 3 h postmortem using a stainless steel thermometer (Model 01-51-69; Koch, Kansas City, MO). Temperature of the LM was measured on the right side of each carcass at the approximate geometric center of the LM, approximately 10 cm posterior to the 13th rib. Temperature of the SM also was measured on the right side of each carcass at a point approximately 7.5 cm posterior to the aitch bone with the thermometer inserted about 10 cm into the interior of the muscle.
Muscle pH Measurements. Muscle tissue samples ( 1 g ) were excised from the interior of the LM, immediately posterior to the 13th rib (at 1.5, 3, and 24 h postmortem), and from the interior of the SM, immediately posterior to the aitch bone (at 1.5 and 3 h postmortem), on the right side of each carcass. Individual LM and SM samples were homogenized for approximately 30 s in 10 mL of neutralized 5 mM sodium iodoacetate/150 mM potassium chloride solution (Bendall, 1973 ) using a Virtis ("Virtishear") homogenizer at a speed setting of 70. The pH of the homogenate was measured using an Accumet pH Meter 50 (Fisher Scientific, Pittsburgh, PA).
Carcass Grade Data. Twenty-four hours postmortem, factors used to determine USDA quality grade (carcass maturity and marbling score) and yield grade (adjusted fat thickness, longissimus muscle area, hot carcass weight, and estimated percentage of kidney, pelvic, and heart fat) were recorded for each carcass (USDA, 1989) . One carcass was lost during the transfer from the chill cooler to the sales cooler. Correspondingly, grade data and tenderness data were unavailable for this carcass.
Sample Preparation and Tenderness Measurements.
Following collection of carcass grade data, sections of the strip loin (longissimus, LM), top sirloin ( GM) , and top round (SM) were removed from the right side of each carcass and transported to the Colorado State University meat laboratory, where they were vacuumpackaged. Sets of muscle sections (LM, GM, and SM) from two carcasses in each Block × ES treatment subclass were randomly identified and assigned to each of four postmortem aging periods (6, 12, 18, and 24 d) . All cuts were stored, in vacuum bags, at 2°C for the appropriate period of time. The day of slaughter was considered d 0.
After each aging period had been completed, palatability samples were frozen and stored at −10°C. Following a brief storage period, two steaks (2.5 cm thick) were cut from the anterior end of each frozen muscle section. The steaks were individually vacuumpackaged and stored at −10°C for subsequent analyses.
Steaks were removed from frozen storage and allowed to thaw for 22 to 24 h at 2°C. Thawed steaks then were removed from vacuum packages and broiled on Farberware broilers to an internal temperature of 70°C. Warm samples from one cooked steak of each subprimal cut were evaluated and scored for tenderness by a six-member, trained sensory panel using 8-point rating scales (AMSA, 1978) . The sensory panel evaluated samples at the rate of eight samples per session, two sessions per day, and 4 to 5 d per week. All LM samples were evaluated first, followed by GM samples, and, finally, SM samples.
The second cooked steak from each subprimal cut was allowed to cool to room temperature and six cores (1.27 cm in diameter) were removed from each steak, parallel to the orientation of the muscle fibers. Warner-Bratzler shear force was measured (two measurements per core) and an average shear force value was calculated and recorded for each steak.
Statistical Methods. Simple descriptive statistics (means, standard deviations, and coefficients of variation) were computed for all traits to characterize the sample of carcasses obtained for the study (Table 1) . Preliminary analyses showed that sex had no effect ( P > .05) on early-postmortem pH and temperature measurements or on tenderness of cooked samples. Correspondingly, data for steers and heifers were pooled for all analyses.
Analyses were conducted using the least squares, mixed-model procedure (SAS, 1985) . Carcass grade traits, muscle temperatures, and muscle pH values were analyzed using a least squares model that included the random effect of replicate (Block) and the fixed effect of ES treatment. The ES treatments were compared using orthogonal contrasts.
Analyses of tenderness data were conducted on a within-cut basis (i.e., separate analyses were conducted for LM, GM, and SM). Shear force values and sensory panel tenderness ratings were analyzed using a least squares model that included the random effect of replicate ( R) , fixed effects of ES treatment (ES) and days of postmortem aging ( A) , and the R × ES × A interaction (preliminary analyses had revealed that none of the other interaction terms was significant). In each of these analyses, the variance component due to A was partitioned into linear, quadratic, and cubic effects. All F-tests for the effects of ES and A were calculated using the R × ES × A mean square as the error term. Differences among ES treatments were tested for significance using orthogonal contrasts.
Simple regression techniques (SAS, 1985) were used to characterize the relationship of 3-h LM pH to shear force of LM, GM, and SM steaks. In addition, intraclass (residual) correlations among traits were computed after fitting a least squares model that included the effects of R and A. All frequency data were tested for significance using chi-square tests, and within-class variances were compared using F-tests.
Results and Discussion

Effects of Electrical Stimulation on Carcass Traits
Carcass Grade Traits. The study was designed to minimize differences in preslaughter management and carcass grade traits among ES treatment groups. Correspondingly, no differences ( P > .05) were observed among ES treatments for any of the carcass grade traits (Table 2) .
Early-Postmortem pH and Temperature. Smulders et al. (1990) and Jones and Tatum (1994) reported evidence suggesting that 3-h longissimus pH values below a particular level (6.3 in the study of Smulders et al., 1990 and 6 .2 in the study of Jones and Tatum, 1994) were associated with reduced variation in subsequent tenderness of beef loin steaks. Correspondingly, an objective of the present study was to compare the effectiveness of three different ES treatments for modifying early-postmortem muscle pH.
Least squares means comparing the effects of ES treatments on muscle pH are presented in Table 3 . Three orthogonal contrasts were used to compare ES treatment effects.
The first contrast compared unstimulated Control carcasses with the average of the three ES treatments. This contrast was highly significant for all muscle pH measurements ( Table 3 ) and showed that the use of ES decreased ( P < .01) LM and SM pH values at both 1.5 and 3 h postmortem. Moreover, values for LM pH of stimulated carcasses remained slightly lower ( P < .01) than values for Control carcasses even after the 24-h chill period. Savell and Smith (1979) found that ES effectively reduced muscle pH at 1 and 6 h postmortem yet had no effect ( P > .05) on 12-or 24-h pH measurements.
The second contrast compared ES-III (the combined use of ES-I and ES-II) with the average effect of ES-I and ES-II used singularly. This contrast was highly significant for LM and SM pH values at both 1.5 and 3 h postmortem, indicating that stimulation using ES-III resulted in more rapid ( P < .01) pH decline in both muscles than did stimulation via singular applications of ES-I and ES-II. Values for LM pH at 24 h were similar for carcasses in the three ES treatment groups (Table 3) .
The third contrast compared ES-I with ES-II. The effectiveness of these two treatments for accelerating early-postmortem pH decline differed for the LM and SM. In the LM, ES-II was more effective ( P < .05) than ES-I for accelerating muscle pH decline, but only within the first 1.5 h postmortem. Measurements of LM pH for carcasses in the two treatment groups did not differ ( P > .05) at either 3 or 24 h postmortem. In the SM, ES-I was more effective than ES-II for accelerating pH decline; ES-I carcasses had lower ( P < .01) SM pH values at both 1.5 and 3 h postmortem than did carcasses stimulated using ES-II.
The difference observed between muscles in the relative effects of ES-I vs ES-II on pH decline was attributed to differences in methods used to apply the two treatments. Carcasses in the ES-I treatment group were stimulated (240 V, 60 Hz) by attaching a nose hook to each animal immediately after exsanguination. The ground cable of the stimulator was attached to the rail from which the animal was suspended. During stimulation, the electrical current passed through the entire body of the animal, resulting in visible contraction of all major muscles, including the LM and SM. In contrast, carcasses in the ES-II treatment group were stimulated (35 V, 60 Hz) as dressed, split sides using four successive contact electrodes, designed to contact the carcass sides in the rib/short-loin region. As the sides passed by the electrodes, very little visible contraction of muscles in the round was observed. Therefore, it is possible that ES-II had a localized effect on postmortem glycolytic rate, which resulted in more rapid pH decline in the LM, but not in the SM.
At 3 h postmortem, about two-thirds (67.2%) of the ES-III carcasses, 51.6% of the ES-II carcasses, 37.5% of the ES-I carcasses, and 12.5% of the Control carcasses had LM pH 3 values below 6.2. Moreover, approximately one-third (31.3%) of the ES-III carcasses had LM pH 3 values below 6.0. Similar results were observed for the SM. These results suggest that the ES treatments used in this study (ES-III, in particular) were somewhat effective for accelerating early-postmortem muscle pH decline. However, the high-frequency (60 Hz) mode of ES used in this study was not as effective for accelerating pH decline as lower-frequency modes of ES used in other studies (Marsh et al., 1987; Smulders et al., 1990; Pike et al., 1993) . For example, Pike et al. (1993) reported a mean longissimus pH 3 value of 5.61 for beef carcasses electrically stimulated with 75 V, 15 Hz during or immediately after exsanguination. According to Marsh (1985) the difference in the effects of low (e.g., 2 to 15
Hz) vs high (e.g., 60 Hz) frequencies on rate of early postmortem muscle pH decline is due to differing reactions of the muscle to the two different modes of ES. Stimulation of a muscle with a high-frequency current results in complete tetany, whereas stimulating a muscle with a low-frequency current produces a series of discrete muscle twitches. A muscle that is in tetany utilizes less ATP and, therefore, has a slower glycolytic rate compared with a muscle that is stimulated to undergo a series of contractions (Marsh, 1985) . Stimulation had little effect on early-postmortem muscle temperature (Table 3 ). The only significant Table 4 . None of the contrasts testing comparisons among ES-I, ES-II, and ES-III was statistically significant. These results indicate that the methods of stimulation did not differ ( P > .05) in their effects on tenderness of the LM, GM, and SM. The contrast comparing tenderness of cuts from unstimulated (Control) and stimulated (average effect of ES-I, ES-II, and ES-III) carcasses was significant. The latter contrast showed that, regardless of method of application, use of ES improved tenderness, but only of the LM; LM steaks from ES carcasses had lower ( P < .05) shear force values and received slightly higher ( P < .10) panel tenderness ratings than did LM steaks from Control carcasses (Table 4) . These results are in general agreement with much of the previous research documenting the effects of ES on tenderness attributes of LM steaks (Smith, 1985) . Tenderness characteristics of GM and SM steaks were not ( P > .05) affected by the use of ES (Table 4) .
Postmortem Aging Effects. Least squares means
corresponding to the main effect of postmortem aging period are presented in Table 5 . In this analysis, orthogonal polynomials (linear, quadratic, and cubic effects of aging time) were partitioned to characterize the response of each type of cut to changes in length of the postmortem aging period.
A significant cubic effect of aging was observed for LM shear force (Table 5 ) and reflected reductions ( P < .01) in shear values between 6 and 12 d postmortem and between 18 and 24 d postmortem. From 12 to 18 d, LM shear force remained unchanged. Panel tenderness ratings for LM steaks increased ( P < .01) quadratically as length of the aging period increased (Table 5) . A pronounced improvement in panel tenderness was observed for LM steaks between 6 and 12 d postmortem. As the aging period was extended beyond 12 d, tenderness ratings continued to improve, but at a much slower rate.
Both shear force and panel tenderness of GM steaks exhibited linear responses to increased postmortem aging time (Table 5 ). Tenderness characteristics of GM steaks continued to improve ( P < .01), at a relatively constant rate, as aging time was increased up to 24 d.
A quadratic relationship between shear force and aging time was observed for SM steaks (Table 5) . This relationship reflected a sharp reduction in SM shear force between 6 and 12 d postmortem, followed by a very gradual decline in shear force values from 12 to 24 d postmortem. Panel tenderness ratings for SM steaks showed a gradual, linear increase ( P < .01) over the entire range of aging time ( 6 through 24 d postmortem).
The primary objective of this project was to identify methodology that could be used to improve consistency of beef tenderness, reduce the risk of a consumer receiving a "tough" cut of beef, and increase the likelihood of a consumer receiving a "tender" cut of beef.
For analyses in the present study, the following threshold shear force values were chosen. For LM and GM steaks, shear force values below 3.9 kg were chosen to reflect an "acceptable" level of tenderness; steaks with shear values of 3.9 kg or higher were deemed "unacceptable". Shear force values below 4.6 kg were considered to be indicative of "acceptable" tenderness for SM steaks; SM steaks with shear values of 4.6 kg or higher were considered "unacceptable" in tenderness. For all cuts, shear force values below 3.2 kg were considered to be indicative of "superior" tenderness. A similar approach was used by Morgan et al. (1991) in the National Beef Tenderness Survey.
For LM steaks, aging for 12 d or more decreased ( P < .05) within-class variation in shear force, decreased ( P < .05) the incidence of shear force values ≥ 3.9 kg, and increased ( P < .05) the frequency of shear values < 3.2 kg (Table 6 ).
According to Morgan et al. (1991) , 13.0% of the strip loin steaks in the National Beef Tenderness Survey had shear force values of 3.9 kg or higher. The average postmortem aging time for loin cuts in that study was 20 d. A similar incidence rate for "unacceptable" shear force values (11.5%) was observed in the present study among LM steaks aged 12, 18, and 24 d. Table 6 . Effects of postmortem aging on within-class variation in Warner-Bratzler shear force (WBS) and on the frequencies of shear force values identified a as "superior" and "unacceptable"
a Threshold values for Warner-Bratzler shear force adapted from Morgan et al. (1991). b,c,d Values in the same row with a common superscript letter do not differ ( P > .05).
Postmortem aging period, d The findings of the present study suggest that strip loins should be aged for at least 12 d to ensure "acceptable" tenderness, but if the beef industry's goal is to maximize the occurrence of strip loin steaks with "superior" tenderness (as is the case presently in the foodservice industry), then aging periods of up to 24 d may be beneficial. In the present study, approximately 70% of the LM steaks aged for 24 d had shear force values below 3.2 kg.
Top sirloin butts required longer aging periods than did strip loins to attain an acceptable level of tenderness (Table 6 ). After 6 d of aging, 59.4% of the GM steaks had shear force values ≥ 3.9 kg and, even after 18 d of aging, 34.4% of the shear values for top sirloins were 3.9 kg or higher. However, after 24 d postmortem, fewer than 16% of the top sirloin steaks had shear force measurements ≥ 3.9 kg, and 46% had shear force values < 3.2. Postmortem aging did not affect ( P > .05) within-class variation in shear force measurements for GM steaks (Table 6 ). For SM steaks, aging periods of 12 d or more reduced ( P < .05) the frequency of shear force values ≥ 4.6 kg. The incidence of steaks with shear force values < 3.2 kg was increased ( P < .05) as well; however, fewer than 20% of the SM steaks had shear values below 3.2 kg. Variation in shear force for SM steaks gradually was reduced ( P < .05) as the length of the postmortem aging period was increased from 6 to 24 d (Table 6) . Morgan et al. (1991) reported that 29.4% of the top sirloin steaks in the National Beef Tenderness survey had shear force values of 3.9 kg or higher and that 70.1% of the top round steaks had shear force values of 4.6 kg or higher. Results of the present study suggest that use of postmortem aging periods of at least 12 d for top rounds and 24 d for top sirloins would substantially reduce the incidence of "tough" steaks from these two cuts.
Relationship of Tenderness to Muscle pH and Temperature
Several different measurements of muscle pH and temperature (LM pH at 1.5, 3, and 24 h; SM pH at 1.5 and 3 h; LM temperature at 1.5 and 3 h; and SM temperature at 1.5 and 3 h ) were recorded for each carcass. Correlation analyses (Table 7 ) were conducted to examine the association of each of these variables with LM, GM, and SM tenderness characteristics. Correlation coefficients presented in Table 7 are "intraclass" correlations, calculated using the residual sums of squares and cross-products, after fitting a least squares model that included the effects of replicate and aging period. Correspondingly, these correlations represent associations among the variables within replicate and aging period.
In general, muscle temperature measurements were not closely associated with steak tenderness characteristics. The only significant correlations between tenderness characteristics and temperature measurements were observed for GM steaks. Temperature of the LM at 3 h was positively correlated ( P < .01) with GM shear force and negatively correlated ( P < .05) with GM panel tenderness rating.
Low, but significant, relationships were observed between 1.5-h LM pH and tenderness of LM and GM steaks (Table 7) . Low, positive correlations also were observed between 3-h SM pH and shear force of LM and GM steaks. In addition, a negative correlation ( P < .05) was observed between 3-h LM pH and LM panel tenderness rating (Table 7) . Collectively, these correlations show a tendency for carcasses with lower early-postmortem muscle pH values to produce more tender LM and GM steaks.
The highest correlations with tenderness were observed for 24-h LM pH. Measurements of Figure 1 . Relationship between 3-h longissimus (LM) pH and LM shear force.
24-h pH were correlated ( P < .05) with shear force and tenderness ratings of all three cuts (Table 7) . Positive correlations with shear force, and negative correlations with panel tenderness, suggested that carcasses with higher LM pH values at 24-h produced less tender LM, GM, and SM steaks.
Relationship of Longissimus 3-Hour pH to Tenderness.
Results of previous studies of the relationship between early-postmortem muscle pH and beef tenderness have been inconsistent. Marsh et al. (1987) and Pike et al. (1993) reported a curvilinear relationship between LM pH measured at 3 h postmortem and tenderness of loin steaks. In their studies, both of which were conducted under laboratory conditions, tenderness was greatest for loins with intermediate pH 3 values of approximately 6.0 to 6.1. In a more recent study, Jones and Tatum (1994) reported a positive, linear relationship between LM pH 3 and shear force among steaks from commercially processed carcasses. In that study, steaks with the lowest shear force values were produced by carcasses with LM pH 3 values below 6.2. In another study, which involved both commercially processed carcasses and carcasses processed under laboratory conditions, Shackelford et al. (1994) found no relationship between LM pH 3 and LM tenderness. Because of the lack of agreement among previous studies, a subordinate objective of the present study was to reexamine and further characterize the relationship between LM pH 3 and beef tenderness.
The linear regression of shear force on LM pH 3 was not significant ( P > .05) for LM, GM, or SM steaks. Moreover, attempts to fit higher-order polynomial equations revealed that none of the relationships between shear force and LM pH 3 were curvilinear. Studies that have shown a significant curvilinear relationship between LM pH 3 and tenderness (Marsh et al., 1987; Pike et al., 1993) have reported a larger number of pH 3 values below 5.8 than was observed in our study.
Shear force values for LM steaks plotted against LM pH 3 values are presented in Figure 1 . The shear force values shown in Figure 1 were computed using residuals derived from a least squares model after fitting the effects of replicate and aging period. In other words, Figure 1 shows the relationship between LM pH 3 and shear force within replicate and aging period.
Visual examination of Figure 1 suggested that LM pH 3 may be related to variability in LM shear force. To test this hypothesis, LM shear force values were regressed on LM pH 3 , and studentized residual deviations from the regression were calculated to quantify variability in shear force. Square root transformations of the absolute values of the studentized residuals then were regressed on LM pH 3 . The resulting regression coefficient ( b = .29) was positive, and different ( P = .009) from zero, indicating that variability in shear force of LM steaks increased as LM pH 3 increased. Similar analyses using GM and SM shear force data (not presented) showed that variability in shear force of GM and SM steaks was not ( P > .05) related to LM pH 3 .
Results of the present study suggest that efforts to reduce early-postmortem pH using high-frequency ES may be effective for decreasing variability in tenderness of LM steaks. Similar findings were reported by Smulders et al. (1990) and Jones and Tatum (1994) .
Implications
The Beef Industry Long Range Plan Task Force identified consistency of product quality as an important factor for improving the competitiveness of beef and established two specific goals concerning beef tenderness: 1 ) "Reduce toughness of beef by 50 percent by 1997" and 2 ) "Increase eating quality/ consistency of beef from all grades by 1997" (NCA, 1993) . Results of this study suggest that postmortem aging was effective for improving tenderness of the strip loin, top sirloin, and top round. Moreover, controlled acceleration of muscle pH decline to a pH 3 of approximately 5.5 to 6.0 during the early postmortem period using high-frequency electrical stimulation was effective for improving the consistency of strip loin tenderness.
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